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Abstract 
Autoradiography has been carried out occasionally at the out-of-pool neutron radiography (NR) facility of the Thai Research 
Reactor-1/M1 for more than a decade. Because of low and uncertain neutron flux at exposure position, the technique is not well 
recognized. The first attempt to conduct neutron activation autoradiography (NAAR) using in-pool irradiation facility was 
initiated in Thailand in early 2014. The technique combines fundamental concepts of instrumental neutron activation analysis 
(INAA) and autoradiography to fulfil their limitations. The elemental composition obtained from INAA, however, is for the 
whole sample and it is not possible to map specific location of particular elements. Autoradiography, on the other hand, 
provides visual images without elemental information. Here, a near triangle of 1.5 cm x 3.0 cm metal Buddha image was 
irradiated using the in-pool dry irradiation facility. Irradiation times were 10 seconds and 15 minutes and decay times were 
varied. In parallel to elemental analysis, the irradiated sample was placed in good contact with an imaging plate to record self-
emitting radiation. At a condition of irradiation, autoradiographic image and elemental appearances in INAA spectrum were 
compared. The structural profile in complementary with elemental information will help address questions regarding 
provenance, manufacturing technology, traditional beliefs which can be further applied to conservation methodology and 
authenticity approval. 
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1. Introduction 
In the period in which the commercial values of small Buddha images have been changing dramatically, the 
authenticity approval always has a key role in influencing the value of the artefacts. How to make valuations are 
often inarguable following illegal activity such as intimidation, violation and murder. Unfortunately, scientific 
approval method is difficult to perform without sample destruction. Then people prefer using their skills and 
experiences to evaluate the value of Buddha images. Here, we propose a non-destructive testing method of neutron 
activation autoradiography (NAAR) for better understanding the nature of the artefact to fairly confirm the 
authenticity and to eliminate the social problems.       
Thai people traditionally make Buddha images as a sign of Lord Buddha and his beneficiaries who are the 
honorable monks. For a long time, it has been believed that making or wearing Buddha images will bring great 
fortune in various aspects including wealth, health, success and happiness. Besides, wearing a Buddha image is 
popular for protecting the owner from supernatural beings. Its commercial value then vary from a few hundred to 
several millions Baht. The more famous model is, the more expensive model becomes. Buddha images that are 
uniquely made for some special occasions are usually in higher demand and are more valuable than an ordinary 
one. As a result, some people make replicas of the special model and release them into the market. The 
differentiation of mixed up stuffs in the market is always difficult (Fig. 1).  
a       b 
Fig. 1.(a) Thailand Buddha image market that distributes throughout the country especially in Bangkok; (b) People use a small magnifier to 
evaluate the value of a Buddha image 
Modern developments in the neutron imaging field have led to advanced technological solutions for building 
sensitive neutron detectors and high intensity neutron sources, including spallation neutron sources as well as 
reactor-based neutron beam facilities (Turkoglu et al., 2013). Two dimensional neutron imaging or NR uses the 
properties of neutron radiation penetrating through a sample to provide information similar to the well-recognized 
X-ray and gamma radiography. Unfortunately, X-ray and gamma radiography have limits in their ability to reveal 
the presence of light elements such as a hydrocarbon or a polymer inside a metal container. Neutron is a neutral 
particle and can penetrate through the electrical field of atom, interacting directly with the nucleus of target 
materials. In addition, neutron interaction with particular elements is unique and atomic mass independent. 
Therefore, NR provides typically different results from X-ray and gamma radiography. In general, NR can be used 
to distinguish either small amounts of impurities or slightly different concentration of light elements in a sample. 
By the way, the complementary of neutron, X-ray and gamma radiography could benefit several investigations.  
In many circumstances, NR experiences high background radiation leading to low quality images. 
Autoradiography is an alternative for eliminating the background radiation interferences. As autoradiography 
provides visual image of self-emitting radiation, the image intensity represents location and relative quantity of 
particular elements in a sample. Unfortunately, only the technique itself is not possible for element determination. 
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It may, however, achieve qualitative information with the contribution of other elemental analysis methods such as 
neutron activation analysis (INAA).  
INAA is a standard practice in art and archaeological investigation to help identify provenance and 
manufacturing technology of a variety of artefacts. Basically, around 100-200 mg of sample is irradiated using high 
thermal neutron flux at irradiation facility of a nuclear reactor to turn stable isotopes into radioisotopes. Afterwards, 
emitting gamma ray is measured using gamma spectrometry system. The radioactivity of irradiated sample depends 
on many conditions which are: elemental concentration, isotopic cross section, neutron flux, half-life of target 
isotope, irradiation time (Ti) and decay time (Td). INAA offers the possibility of elemental analysis – something 
that is not possible with neutron, X-ray or gamma radiography.  
Here, we used the combination of INAA and autoradiography or so-called neutron activation autoradiography 
(NAAR) in which the object is firstly irradiated with neutron then the mapping of neutron-induced gamma 
activation is recorded using common radiographic technique (Andreani et al., 2009). NAAR offers not only the 
visual evidence of two-dimensional image but it provides information of elemental distribution in sample if the 
gamma spectrometry and image recording are performed at the same time. Recently, the technique has been used 
non-destructively in a variety of applications. Geologists have employed NAAR and a scanning electron 
microscope to reconstruct Paleo-sediment chronology (Zhmodik et al., 2003). NAAR is used for determining the 
elemental distribution in granitic samples (Sakanoue et al., 1971) and in ancient painting investigation (Fischer et 
al., 1989; Kalicki et al., 2001).  
In Thailand, NR facility was installed at the 8” south beam tube of the Thai Research Reactor-1/Modification 1 
(TRR-1/M1) since 1992. Until recently, we have been focusing on two dimensional imaging and developing the 
facility based on film and imaging plate technology. During the past two decades, the facility has provided a good 
experimental opportunity for Thai researchers and graduate students in numerous fields of studies; for example, 
plant structure examination, authenticated pearl verification, faulty electronic part inspection and the investigation 
of ancient sculpture manufacturing technology. However, the image quality contains inadequate spatial resolution 
that comes from low and uncertain of thermal neutron flux including high intensity gamma radiation at the 
exposure position. As a result, the NR facility upgrade was commenced in 2014 in order to enhancing the capacity 
for supporting the utilization of NAAR, dynamic and tomographic imaging to meet the national requirement in 
various aspects. 
2. Methodology 
Firstly, a small metal Buddha image (the so-called “Pra-kring” from Wat Bowonniwet Vihara, a well-known 
temple in Bangkok, Thailand) was patched on an aluminum cassette filled with a 20 x 40 cm2 Fuji BAS-ND 2040 
imaging plate. The sample was aligned at the center of the cassette to obtain the highest and most uniform flux of 
thermal neutron. Then it was put into an adjustable slot at 100 cm from beam aperture and against the 8” south 
beam tube of TRR-1/M1 to take a neutron radiograph. At the exposure plane, the L/D ratio and the field of view 
(FOV) were 45 and 20 x 20 cm2, respectively. The thermal neutron flux was 1.08 x 106 n/cm2/sec and the exposure 
time was 60 seconds. After exposure, the imaging plate was then scanned using the Fuji FAL7000 reader. The 
Multigauge V3.0 software was used for data processing.  
Secondly, NAAR was carried out. The Pra-kring was irradiated using a vertical in-pool irradiation tube for 10 
seconds and the decay times for short-lived isotope analysis were varied from 1, 5, 10, to 15 minutes. At specific 
decay times, the sample was placed in good contact with 20 x 40 cm2 Fuji BAS-MS for a few minutes whilst a 
LaBr3(Ce) scintillation detector was set next to the sample for gamma ray spectrometry. Afterwards, the sample 
was irradiated for 15 minutes and then left to decay for 3 days in Pb-shielding for long-life isotope analysis. The 
thermal neutron flux at irradiation position was approximately 5.91 x 1011 n/cm2/sec. The instrument set up for NR 
and NAAR was illustrated in Fig. 2. 
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a      b 
Fig. 2. Diagram of (a) NR and (b) NAAR 
3. Results and discussions 
The photo of Pra-kring and its geometry was shown in Fig. 3. (a). NR revealed inner structural information of 
Pra-kring in Fig. 3. (b).The radiographic image reflects characteristic of material compositions as well as 
structural information of the Buddha images. Head, body and basement of Pra-kring were dense with relatively 
high neutron absorption material which differed from the skin layer component. In regard to old-fashion 
manufacturing technology, the inside material was an original mold probably made of mud and soil. Both arms 
were filled with metal similar to the skin material. The skin layer was approximately 1 mm. In fact, Pra-kring 
generally refers to a metal Buddha image with at least a small object insertion to make rattling soundsor “kring” 
when shaking. Here, NR showed that the kring had round shape with diameter of about 4 mm. It located in a small 
space at the basement and occupied about half of the space. The image offered visual evidence to investigate the 
unseen characteristic of sample including hidden object and structural information. Unfortunately, only the image 
was impossible to determine typical elemental composition.
a          b               c 
Fig. 3. (a) Photographic image of Pra-kring; (b) neutron radiographic image; (c) autoradiographic images at different decay times (Td) 
Autoradiography is dissimilar to NR. As NR relies on neutron transmission process, autoradiography uses self-
emitting radiation from irradiated sample. As a result, the record of emitting radiation directly from the sample 
Td= 1 min Td=5 min Td=10 min Td=15 min  high             low 
attenuation 
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could represent location of each isotope. Based on the fact that each radioisotope has unique emitting radiation 
pattern and different half-lives, mapping the exact location of an element can be obtained at appropriate conditions 
of irradiation and decay. In general, short half-life isotope determination can be delivered by short irradiation and 
decay times whilst the appearance of long half-life isotopes requires different conditions. Here, the autoradiography 
results showed distinct patterns of emitting radiation from the Pra-kring at particular irradiation and decay times. 
Most interesting was that the intensity in the kring area had faded systematically from 1, 5, 10 to 15 minutes and it 
lasted for 10 minutes Fig. 3. (c).  
The gamma spectrum (Fig. 4) showed distinct patterns of emitting radiation from Pra-kring at different 
irradiation and decay times which implied the appearance of elements at particular conditions. Fortunately, the 
spectrum is not complicated. Only six elements; aluminum, copper, silicon, scandium, potassium and zinc were 
found in the Buddha image. Scandium, potassium and zinc were shown up after irradiating for 15 minutes and 
decay for 3 days. Aluminum, copper and silicon were detected when Ti and Td were 10 seconds and 1-10 minutes, 
respectively. The gamma peak at 1778 keV represented the mixing of silicon and aluminum in the sample because 
of relatively high intensity of fast and thermal neutron fluxes in the irradiation tube. The neutron interactions with 
silicon and aluminum are shown in equations (1) and (2). After decaying for 15 minutes, the peak 1778 keV 
disappeared from the spectrum. The missing peak corresponded well with the disappearance of radiation intensity 
in the kring area of the autoradiographic image. As a result, the kring material was most likely made of aluminum 
and silicon. It could probably be some kinds of crystal that are composed of aluminum oxide and silicon dioxide. 
Crystal in Buddhism means wisdom and brightness. In addition, people believe that the reflection of crystal could 
reflect any curses.  
ܵ݅ଵସଶ଼ ൫ ௙݊ǡ ݌൯ ܣ݈ሺͳ͹͹ͺܸ݇݁ሻଵଷଶ଼  (1) 
ܣ݈ଵଷଶ଻ ሺ݊௧௛ǡ ߛሻ ܣ݈ሺͳ͹͹ͺܸ݇݁ሻଵଷଶ଼  (2) 
         
Fig. 4 Gamma spectrum of Pra-kring when Ti= 10 seconds, Td= 10 minutes (red line) and Ti= 15 minutes, Td= 3 days (blue line) 
During several centuries of Pra-kring manufacture, the outward appearance, internal structure and raw materials 
were different depending on the provenance, age and model. Many of the krings have a round shape and are made 
of a variety of materials, for example, gold, silver, copper, steel, carbon steel and crystal. Some Pra-kring models 
may contain more than one kring. The investigation of Pra-kring using non-destructive testing methods of NR and 
NAAR offers significant tools for revealing the nature of small Buddha images. A comparison between the unique 
profile of a genuine Pra-kring and unknown samples could provide clear evidence for a fair evaluation. In other 
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words, if any analyzed sample shows different characteristics from the genuine one, it should be considered a 
replica.    
4. Conclusions 
Whilst NR reveals inner structure information, NAAR offers the possibility of identifying and visualizing 
elemental composition in sealed metal Buddha images without sample destruction. The results provide indisputable 
evidence to certify the authenticity of Buddha images, especially “Pra-kring”. However, further study should gather 
a variety of special editions of Buddha images for establishing the authenticity database. In addition, the standard 
practice should be a significant concern to eliminate any controversy and illegal activity. To sum up, the 
complimentary of NR and NAAR will not only fulfil our understanding of the past but it could be the best solution 
for solving Thailand’s problem in regarding Buddha image authentication.  
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